ABSTRACT Topical and fumigant toxicity of saturated aliphatic fatty acids with chain lengths of C1 through C14 were determined against the German cockroach, Blattella germanica (L.). In the C1 to C11 series, topical toxicity (LD 50 in milligram per adult male) ranged from 0.145 (C1) to 0.322 mg (C2). Toxicity declined dramatically with C12 and C14 acids whose LD 50 values could not be calculated. The relative fumigation toxicity (LC 50 in microliter per liter) of C1 through C5 acids was positively correlated with topical toxicity with values ranging from 6.159 (C3) to 12.302 l/liter (C2). Fumigant toxicity decreased sharply with C6 (LC 50 ϭ 37.691 l/liter) and there was no mortality of cockroaches exposed to vapors from C7 to C14 acids. The low fumigant toxicity of the C6 to C11 acids was correlated with their relatively low vapor pressure, but differences in diffusion of the vapors into the spiracles and subsequent passage to the target sites may have also been involved.
Fatty acids are carboxylic acids with a long aliphatic (carbon chain) tail. They are characterized by the length of the carbon chain (the number of carbon atoms typically ranges from 4 to 24) and the number and position of double bonds. Saturated fatty acids lack double bonds and most naturally occurring saturated fatty acids possess an even number of carbon atoms. Saturated and unsaturated fatty acids are important sources of metabolic energy for both invertebrates and vertebrates (Withers 1992) .
Toxicity of fatty acids and their salts (soaps) was initially documented using soft-bodied insects, such as aphids (Siegler and Popenoe 1925 , TattersÞeld and Gimingham 1927 , Dills and Menusan 1935 , Puritch 1975 , Parry and Rose 1983 . These studies demonstrated that the toxicity of saturated fatty acids increased as the chain length increased, peaking at C10 Ð C12, decreasing at C14Ϫ16, and again increasing in both the saturated and unsaturated C18 molecules.
It is frequently reported that fatty acids and their derivative soaps are mainly toxic to soft-bodied insect species (Olkowski et al. 1991) , although there is considerable evidence that their range of activity covers a much broader taxonomic spectrum. Many commercially available fatty acid soap blends and dishwashing detergent liquids are toxic to cockroaches (Abbasi et al. 1984 , Sumlas 2002 , Baldwin et al. 2008 , Reza et al. 2010 . Commercial soaps and detergents are also toxic to other hard-bodied insects, such as beetles (van der Meulen and van Leeuwen 1929) , Hemiptera (Fulton 1930) , crickets (Abbasi et al. 1984) , and ants (Chen et al. 2010) . Most of the detergents tested were complex formulations involving many components. In addition, commercial detergent blends are considerably different chemically than fatty acid-based soaps. To date, structureÐactivity studies using puriÞed saturated fatty acids have not been conducted on larger insects, such as cockroaches. In addition, lower molecular weight fatty acids possess pungent odors but the vapor (fumigant) toxicity of saturated fatty acids is not known. Previous studies (Schull 1936) suggest that the fumigant effects of saturated C1ÐC5 fatty acids can produce signiÞcant biological effects on insect tissues. Haritos and Dojchinov (2003) demonstrated that formic acid vapors are exceedingly toxic to the rice weevil, Sitophilus oryzae (L.), by inhibition of cytochrome c oxidase. In this study, we compared the topical and fumigant toxicity effects of saturated aliphatic fatty acids with chain lengths of C1 through C14 against the German cockroach, Blattella germanica (L.).
Materials and Methods
Insects. An insecticide-susceptible strain of the German cockroach was used in the experiments. This strain (American Cyanamid, Clifton, NJ) has been in continuous laboratory culture for Ͼ35 yr. Adult males were used because of their more uniform size and physiology compared with other stages. Laboratory cultures were maintained at 28 Ϯ 2ЊC, 40 Ð55% relative humidity (RH), and a photoperiod of 12:12 (L:D) h. Colonies were provided water and Purina dog chow (Purina, St. Louis, MO) as needed. Cockroaches were brießy (Ͻ5 min) anesthetized with CO 2 to facilitate handling. (Table 1) of Ͼ95% purity were obtained from Sigma-Aldrich (St. Louis, MO). Physical and chemical properties of fatty acids were obtained from Sigma-Aldrich or calculated using the Estimation Programs Interface (EPI) Suite from the U.S. Environmental Protection Agency (EPA 2012) . Contact toxicity dilutions were made with 100% acetone.
Chemicals. Fatty acids
Topical Applications. Topical doseÐresponse evaluations were performed on cockroaches anesthetized and conÞned within 100-by 20-mm polystyrene petri dishes. The inside edge of each dish was lightly coated with mineral oil ϩ petroleum jelly (1:3) to minimize escape. Approximately 10 cockroaches were transferred to each dish and then anesthetized with a 15Ð25 s exposure to CO 2 . Anesthetized cockroaches were positioned with their ventral side up and a 2-l drop of the test solution was applied to the area between the meso-and methathoracic legs using a Rainin L-10 10-l capacity pipette (Mettler-Toledo International Inc., Columbus, OH). Control cockroaches were treated with a 2-l drop of acetone. Cockroaches were scored, at 24 h, as either alive (dorsal side up and active movement when abdomen prodded with dissecting probe) or moribund or dead (dorsal side up and no movement when abdomen prodded or ventral side up and insect unable to right itself).
Fumigations. Fumigant activity was assessed by sealing groups of 10 adult male German cockroaches in 0.95-liter Ball glass jars (Jarden Corporation, Cleveland, OH) with 0.05Ð1,000 l of a fatty acid spread evenly on the underside of the lids. Filter paper (2 qualitative, 12.5 cm in diameter; Whatman Group, Maidstone, UK) was hot-glued to the underside of the lid for fatty acid deposits Ͼ100 l. This provided a larger surface area for a greater volume of fatty acid to absorb. Water was used as the control. Before putting the cockroaches in the jar, the top inner portion of the jar was coated with ßuon (Bioquip, Rancho Dominguez, CA) to prevent the cockroaches from directly contacting the fatty acid. Fluon-treated jars were airdried for 24 h at room temperature to allow offgassing of the ßuon. Three replicate jars were used for each fatty acid concentration tested. The jars were maintained in an incubator at Ϸ28ЊC. No food, water, or harborage was provided. The room air that was sealed in the jar was Ϸ40% RH. Mortality was assessed as above at 24 h.
Validation of Fumigant Concentrations. Gas chromatography (GC) was used to quantify the concentration of fatty acids present in the air of the fumigation jars. Standard calibration curves were constructed using an external standard method by plotting known concentrations against peak areas. A series of Þve or six concentrations between 0.01 and 10 g/l were injected (1 l) into the GC and a linear calibration curve was developed using GC Solutions version 2 (Shimadzu Corp., Tokyo, Japan) software. These standard curves were then used to calculate the actual concentration of the fatty acids present in the fumigation jars.
LC 50 concentrations of the fatty acids with fumigant activity (Table 2) were spread evenly on the underside of jar lids (see in Fumigations section) into which small (3 mm in diameter) septa had been inserted. The jars were then tightly sealed and incubated as above at 28ЊC for 1 h (until the fatty acid vapors were in equilibrium; 1 h after application as determined from preliminary trials). After 1 h, 100 l of air containing the fatty acid gas phase (headspace) was removed from the jar with a gas-tight syringe (Hamilton, Reno, NV) and injected into GC. There were at least three replicate jars for each fatty acid.
Gas-phase concentrations were measured with a Shimazdu GC-2014 (Shimadzu Corp., Tokyo, Japan) equipped with a ßame ionization detector. Chromatography was performed using a ZB-FFAP capillary column of 30 m in length, 0.32 mm internal diameter, and 0.50 m Þlm thickness (Phenomenex Torrance, CA). Helium was used as the carrier gas at a ßow rate of 1.6 ml/min. The GC oven was programmed at 140ЊC (for low molecular weight compounds) for 15 min or 200ЊC (for higher molecular weight compounds) for 25 min. The temperature of the injector was 250ЊC and the temperature of the detector was 255ЊC.
Data Analysis. Mortality was quantiÞed and the treatments were compared using Probit analysis; PROC PROBIT procedure in SAS Institute, version 9.1 software (SAS Institute 2011). SigniÞcant differences in LC 50 or LD 50 values were based on nonoverlap of the 95% CI. Correlation (Systat Software, Inc. 2011, San Jose, CA) was used to determine if there was a relationship between the vapor pressure and fumigation toxicity of fatty acids.
Results
Topical and Fumigant Treatments. Results of the topical treatments are presented in Table 2 . Topical toxicity in the C1 to C11 series (LD 50 in milligram per adult male) ranged from 0.145 (C1) to 0.322 mg (C2). Within the C1 to C11 fatty acid series, toxicity was signiÞcantly lower in C2, C4, and C6. Toxicity of the C12 and C14 acids was signiÞcantly lower than the C1 to C11 series; LD 50 values could not be calculated for C12 and C14.
Gas-phase concentrations of fatty acids in the validation experiment ranged from 75.9 to 100% of expected for C4 (butyric) and C5 (valeric), respectively ( Table 2 ). There was no signiÞcant correlation (P Ͼ 0.05) between carbon number and percentage of expected concentration, indicating no systematic trend in the analysis. There was also no signiÞcant correlation (P Ͼ 0.05) between fatty acid vapor pressure and percentage of expected concentration.
The relative fumigation toxicity (LC 50 in microliter per liter) of C1 through C5 acids ranged from 6.159 (C3) to 12.302 l/liter (C2; Table 2 ). Fumigant toxicity was relatively lower in the even-numbered molecules from C2 through C6, which corresponded to results from the topical toxicity tests. Fumigant toxicity decreased sharply with C6 (LC 50 ϭ 37.691 l/ liter) and there was no mortality of cockroaches exposed to vapors from the C7 to C14 acids. Vapor pressure of the fatty acids decline with increasing carbon chain length (EPA 2012 ), but the relationship between vapor pressure and fumigant toxicity for C1 through C6 fatty acids was not signiÞcant (r 4 ϭ Ϫ0.345, P Ͼ 0.05).
Discussion
Early research on the effects of fatty acids sought to determine the relationship between molecular weight and toxicity. Popenoe (1924, 1925) , using several aphid species, tested saturated fatty acids between C2 and C18, and found the most toxic were C8, C10, and C12. Toxicity steeply declined with C14. TattersÞeld and Gimingham (1927) studied the topical toxicity of C1 to C18 saturated fatty acids to Acronicta rumicis L. Toxicity increased with an increase of molecular weight from C2 to C11. At C12 and higher, toxicity was signiÞcantly lower. Dills and Menusan (1935) , working with the C6 to C18 series of saturated fatty acids, found that C10 and C12 were the most toxic to A. rumicis. A relationship between fatty acid carbon chain length and toxicity has been demonstrated with other insect groups. Shaaya et al. (1976) found that C8 to C11 fatty acids mixed with wheat provided the most effective control of Calandra (Sitophilus) oryzae (L.). Against the stored-product pest Callosobruchus chinensis L., Shaaya and Pisarev (1990) determined fumigant toxicity of saturated fatty acids in the C5 to C18 series and found that C10 and C11 were the most effective in preventing oviposition. Toxicity was much lower with C5 to C7 and fatty acids ՆC12. Middle chain-length fatty acids act as houseßy (Musca domestica L.) larvicides (Quraishi and Thorsteinson 1965) and affect Pseudosarcophaga affinis (Fallé n) in a similar manner (House 1967) . C10 fatty acid is a larvicide of Tribolium confusum Jacquelin Du Val (House and Graham 1967) . The C5 to C10 acids reduce the fertility of Dermestes maculatus (De Geer) (Cohen and Levinson 1972) . StructureÐactivity analysis of fatty acid fumigant toxicity has not been previously evaluated, although the fumigant effect of some saturated fatty acids produces signiÞcant toxic and repellent effects on stored-product insects Pisarev 1990, Germinara et al. 2007 ). Although the current best methods for headÐspace detection of vapor-phase fatty acids yielded lower concentrations than expected (applied), there was no relationship between vapor pressure and measured percentage concentration. Therefore, even though vapor pressures affect volatility (evaporation) and concentrations of compounds within air, either these fatty acids did not behave as ideal gasses or the experimental design increased fatty acid volatility beyond their vapor pressures. Adsorption and reactivity between fatty acid vapors and the jar may have also affected the measured concentrations. Even if the fatty acid vapor concentrations were substantially less than expected within the jars, our results still demonstrate signiÞcant fumigant toxicity of these compounds.
In contrast to the early work on aphids, our topical toxicity results on the German cockroach show high toxicity over the entire range of C1 to C11. In the C1 to C6 series, the odd carbon number compounds (C1, C3, and C5) were signiÞcantly more toxic than the even carbon number compounds (C2, C4, and C6), although this relationship was not seen in the C8 to C11 series. The fumigant toxicity results show a pattern similar to the topical results, namely greater toxicity in the odd-carbon-numbered compounds in the C1 to C6 series but essentially no toxicity at C8 or greater carbon chain lengths. The signiÞcant reduction of fumigant toxicity at C6 and termination of fumigant toxicity at C8 generally corresponds to the higher molecular weight and lower vapor pressure of these fatty acids (Table 1 ), although this relationship was not statistically signiÞcant. Our results indicate that the topical toxicity responses of insects to saturated fatty acids can show considerable interspeciÞc variability. Relatively large, hard-bodied species, such as the German cockroach, may differ from responses of soft-bodied insects and also from the responses of other hard-bodied species. The reasons for this are not entirely clear but may involve the design of the toxicity experiments (e.g., treating the food matrix of stored-product pest beetles or "drenchingÐsaturation" spray treatments of aphids). In our topical toxicity testing, the small amounts of fatty acid and solvent used (2 l) were unlikely to have interfered with respiration through clogging of the spiracles. In the fumigation tests, fatty acid molecules would have entered, but not clogged, the spiracles and may have also produced toxic effects by binding to the waxy external layer of the cuticle with subsequent penetration into the body tissues. The similarity of mortality responses in the topical toxicity and fumigant toxicity tests suggest a similar fatty acid mode of action. In both cases, it is likely that the fatty acids bind to the waxy cuticle on external body parts and within the trachea, namely, tracheoles, and then penetrate into the body to cellular action sites. Surprisingly, little information is available concerning the speciÞc mode of action of saturated fatty acids on insects. It is possible that the mode of action does not differ substantially from that of insecticidal soaps (alkali salts of fatty acids) that penetrate through insect cuticle and disrupt the integrity of cell membranes (Ware 2000) . The cytotoxicity and cell membrane effects of fatty acids have been demonstrated in microbial and human cell systems (Lindsay 1996 , Kabara and Marshall 2005 , Lima et al. 2006 .
Salts of fatty acids have been used as commercial products for controlling soft-bodied insects since 1947 (EPA 1992) . However, the potential for the use of fatty acids for pest management has not yet been realized. Saturated fatty acids as fumigants for the suppression and control of stored-product pests would be a useful area for further research. Previous work has documented control of stored-product pests when the fatty acids were applied to the food substrate (House and Graham 1967, Shaaya and Pisarev 1990) . Although many of these fatty acids have quite noxious odors, they can be easily detected at low concentrations and serve as their own "warning gas" (such as when chloropicrin is mixed with odorless fumigants). Pests in specialty markets, such as museums or small-scale fumigations in sensitive areas, would be reasonable targets. Development work would include analysis of toxicity to all life stages of target species, vapor penetration, and aeration or off-gassing protocols.
Fatty acids have been combined with other active pest control ingredients to provide a synergistic increase in toxicity (Sá -Correia 1986 , Hatem et al. 2009 ). These studies involved mixtures of fatty acids with compounds having different modes of action. Additional studies of mixtures could uncover other useful interactions. Mixtures of two or more fatty acids, with generally similar modes of action, might also result in toxicity synergy. For example, there is evidence that antimicrobial synergy occurs in combinations of short-and long-chain fatty acids (Wang 1983) . Fatty acids are toxic to both blood-borne (Doering et al. 1994 ) and intestinal protozoa (Faciola et al. 2012 ). Therefore, it is possible that fatty acids could be used to target cellulose-digesting protozoa in the guts of termites, resulting in individual and colony starvation. Fumigant combinations would prove to be especially interesting, particularly mixtures of fatty acids and those essential oils with previously documented fumigant toxicity (Phillips and Appel 2010) .
In summary, topical and fumigant toxicity of the saturated fatty acid series of C1 through C14 was determined against the German cockroach. Within the C1 to C11 group, topical toxicity was relatively consistent but declined dramatically at C12 and C14. Fumigation toxicity of C1 to C5 was positively correlated to topical toxicity; toxicity decreased sharply at C6 and ended at C8 and higher. There is potential for using fatty acids in existing insect control formulations and as fumigants, either alone or in blends with other active ingredients.
